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VXSSRUWHG E\ D VKHOOEDVHG VWUXFWXUH SURYLGLQJ WKH SUHORDG E\
PHDQV RI EODGGHUNH\ WHFKQRORJ\ DQG GLIIHUHQWLDO WKHUPDO
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IRUWKHSUHVHQFHRIWKLFNRUWKLQODPLQDWLRQV7KLVSDSHUSUHVHQWV
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VWUXFWXUH FDQ SURYLGH D SUHFLVH DQG XQLIRUP SUHVWUHVV WR WKH
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LQFUHDVH WKH SUHVWUHVV WR WKH GHVLUHG YDOXH 7KH SUHVWUHVV LV
FRQWUROOHGE\WKHDPRXQWRIVKLPPLQJLQVHUWHGRQHLJKWORDGLQJ
NH\VZKLOHWKHWKHUPDOFRQWUDFWLRQFRQWULEXWLRQLVFRQVLGHUHG
FRQVWDQW $ GHWDLOHG GHVFULSWLRQ RI WKH PDJQHW FURVV VHFWLRQ
GHVLJQFDQEHIRXQGLQ>@
7KHILUVWPORQJPHFKDQLFDOVWUXFWXUHPDGHE\PP
WKLFN ODPLQDWLRQVDQGSURGXFHGDW&(51ZDV LQLWLDOO\ WHVWHG
ZLWK WZRP ORQJVKHOOVDQGDOXPLQLXPFRLOV 04;)6'
>@ VHH DOVR )LJ  ,W FDQ EH VKRZQ WKDW WKH FRLO D]LPXWKDO
VWUHVVKDVDPLQLPXPDWWKHSRVLWLRQRIDFXWEHWZHHQWZRVKHOO
VHFWLRQV:LWKWKHRULJLQDOSDUWLWLRQLQJVWUDWHJ\WKLVPLQLPXP
ZDVXQGHVLUDEO\DWWKHD[LDOFRLOFHQWHU$VDFRQVHTXHQFHWKH
VWUXFWXUHZDV WKHQUHDVVHPEOHGZLWK WZR ODWHUDOVKHOOVP
ORQJ DQGRQHP ORQJ FHQWUDO VKHOO 04;)6')XUWKHU
GHWDLOVDERXWWKHLQIOXHQFHRIVKHOOSDUWLWLRQLQJRYHUFRLOVWUHVV
FDQ EH IRXQG LQ >@ $Q HTXLYDOHQW WKUHHVKHOO VWUXFWXUH
SURGXFHGDW/$53ZDVWHVWHGZLWKGXPP\FRLOV04;)6'
DQG WKHQ ZLWK UHDO FRLOV LQ WKH ILUVW VKRUW PRGHO 04;)6
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04;)6',QWKLVVWUXFWXUHLURQ\RNHDQGSDGVDUHPDGHRI
VWDFNVRIPPODPLQDWLRQV7KHVWUXFWXUHLVFXUUHQWO\EHLQJ
XVHG WR DVVHPEO\ WKH 04;)6 PDJQHW %HFDXVH RI WKH
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7KHVKHOODQGSROHJDXJHVDUHXVHGWRPRQLWRUWKHD]LPXWKDO
IRUFHSURYLGHGE\ WKH VWUXFWXUHDQG LWV UHVXOW LQ WHUPVRIFRLO
SUHVWUHVV 6LQFH PHDVXUHPHQWV IURP VWUDLQ JDXJHV LQVWDOOHG
GLUHFWO\ RQ WKH FRLO DUH FRQVLGHUHG OHVV UHOLDEOH >@ WKH FRLO
VWUHVVLVLQGLUHFWO\PRQLWRUHGPHDVXULQJWKHZLQGLQJSROHVWUHVV
7RYHULI\LIWKLVPHDVXUHLVUHSUHVHQWDWLYHRIWKHFRLOVWUHVVWKH
FRPSXWHGZLQGLQJSROH VWUHVVZDVFRPSDUHG WR WKHSROH WXUQ
VWUHVVHVLQWKUHHORFDWLRQV5HVXOWVUHSRUWHGLQ)LJVKRZWKDW
WKHZLQGLQJSROHVWUHVVLVYHU\FORVHWRWKHSROHWXUQVWUHVVDWWKH
LQQHUUDGLXV7KLVYDOXHLVSDUWLFXODUO\LQWHUHVWLQJEHLQJWKHFRLO
SHDNVWUHVVDIWHUFRROGRZQDQGWKHILUVWRQHWRXQGHUJRWHQVLRQ
GXULQJH[FLWDWLRQ
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2Q04;)6'DQG04;)6WZRVWUDLQPHDVXULQJV\VWHPV
ZHUHXVHGRQHSURYLGHGE\/$53DQGRQHE\&(51,QERWK
FDVHVJDXJHVZHUHEULGJHGZLWKDFRPSHQVDWRUDWWDFKHGWRD
VHSDUDWHSLHFHRIWLWDQLXPIRUWKHSROHVRUDOXPLQXPIRUVKHOO
DQGGXPP\FRLOV7KH/$53V\VWHPZDVSRZHUHGLQ'&DQG
XVHG9LVKD\ JDXJHV LQ IXOO EULGJH FRQILJXUDWLRQ 7KH&(51
V\VWHP XVHG +%0 PRGXOHV DQG JDXJHV FRQQHFWHG LQ KDOI
EULGJH FRQILJXUDWLRQ %RWK $& DQG '& YROWDJH SRZHULQJ
VWUDWHJLHVZHUH WHVWHG:KLOH LW LVQRWZLWKLQ WKHVFRSHRI WKH
SUHVHQWSDSHUWRVWXG\WKHGLIIHUHQFHVEHWZHHQWKHWZRV\VWHPV
LQGHWDLOWKHFRPSDULVRQEHWZHHQWKHUHDGLQJVFDQSURYLGHDQ
LQGLFDWLRQRIWKHDEVROXWHSUHFLVLRQRIWKHV\VWHPV
)LJVKRZVWKHVWUHVVFRPSXWHGLQWKHVDPHORFDWLRQDWWKH
VDPH LQVWDQW XVLQJ WKH D]LPXWKDO DQG ORQJLWXGLQDO VWUDLQV
SURYLGHGE\ WKH&(51DQG/$53 V\VWHPV DIWHU ORDGLQJ DQG
FRROGRZQ 7KHUH LV QR HYLGHQW V\VWHPDWLF GHYLDWLRQ RI WKH
PHDVXUHPHQWV ,Q D UDQJH RI  03D PHDVXUHPHQW
GLIIHUHQFHLVDOZD\VLQDEDQGRI03DHTXDOWRWZRWLPHV
WKH6WDQGDUG'HYLDWLRQ6'7KLVUHVXOWSURYLGHVDUHIHUHQFHIRU
WKH FRPSDULVRQ RI VWUHVVHV RQ GLIIHUHQW TXDGUDQWV DVZHOO DV
FRPSXWHGDQGPHDVXUHGYDOXHV
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FRQWURO RQ WKH DYHUDJH SUHVWUHVV DQG LWV YDULDWLRQ RQ WKH
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7KHVKHOOLVSURYLGLQJWKHWRWDOD]LPXWKDOSUHVWUHVV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FRPSUHVVHV WKH SROH DQG WKHQ IORZV WR WKH FRLO ZLWK WKH
UHODWLRQVKLSVVKRZQLQ)LJWKHUHVWFRPSUHVVHVWKHSROHNH\
7KLVIHDWXUHLVXVHGWRJXDUDQWHHWKHDOLJQPHQWRIWKHFRLOWRWKH
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SROHZKHUHVWUDLQJDXJHVDUHLQVWDOOHGDQGRQWKUHHORFDWLRQVRIWKHSROHWXUQ
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EHORFNHGLQSODFHE\WKHVLGHRIWKHFROODUV7KLVZRXOGEHWKH
FDVHZKHQIRUH[DPSOHWKHFROODUVJDSLVELJJHUWKDQH[SHFWHG
$OVRD WZLVWHGFRLOFRXOGIRUFH WKHSROHNH\ WREH LQFRQWDFW
RQO\RQRQHFROODUVLGHFDUU\LQJQRD]LPXWKDOIRUFH
$ XVHIXO WRRO WR VWXG\ WKH DFFXUDF\ RI QXPHULFDO PRGHO
HVWLPDWHVLVWKH7UDQVIHU)XQFWLRQ7)EHWZHHQWKHVKHOODQG
SROH VWUHVVHV 7KH UHVXOW IRU VXFK 7) LV VKRZQ LQ )LJ  IRU
04;)6'04;)6' DQG04;)6' DIWHU NH\ LQVHUWLRQ
DQGDWWKHHQGRIWKHFRROGRZQ7KHSORWIRU04;)6'LVQRW
VKRZQ VLQFH WKH VWUXFWXUH LV FRPSOHWHO\ HTXLYDOHQW WR
04;)6'7ZRGLIIHUHQW)(PRGHOVDUHFRPSDUHGDJDLQVWWKH
H[SHULPHQWDO GDWD RQH DVVXPLQJ WKH SROH NH\ LV LQ GLUHFW
FRQWDFWZLWK WKHFROODUVDQGRQHQHJOHFWLQJ WKLVFRQWDFW)RU
ERWKPRGHOVWKHD]LPXWKDOVKHOOVWUDLQDIWHUORDGLQJLVPDWFKHG
YDU\LQJWKHORDGLQJNH\LQWHUIHUHQFH,WLVFOHDUWKDWIRUDJLYHQ
VKHOOWHQVLRQWKHSROHFRPSUHVVLRQZLOOEHKLJKHUZKHQWKHSROH
NH\LVQRWLQFRQWDFWZLWKWKHFROODUV$VDFRQVHTXHQFHWKH7)
FDQ EH XVHG QRW RQO\ DV DPRGHO YDOLGDWLRQ WRRO EXW DOVR WR
HYDOXDWHWKHDFWXDODOLJQPHQWRIWKHFRLOV7KHGLVWDQFHEHWZHHQ
WKHWZRPRGHO7)PHDVXUHVWKHDPRXQWRISUHVWUHVVQHHGHGWR
JXDUDQWHHWKHDOLJQPHQW
,Q04;)6'04;)6'DQG04;)6' WKHPHDVXUHG
YDOXHV ZHUH DOZD\V FORVHU WR WKH SUHGLFWLRQV RI WKH PRGHO
ZLWKRXW WKHSROHNH\%HFDXVHRI WKLVGXULQJ WKH04;)6'
DVVHPEO\WKHSROHNH\D]LPXWKDOVKLPPLQJZDVLQFUHDVHGE\
ȝP$VVKRZQLQ)LJWKH7)PRYHGDVGHVLUHGWRZDUGV
WKH SROH NH\ PRGHO 7KLV DVVHPEO\ DOVR YDOLGDWHG WKH WKLQ
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LQFUHDVH LQ WKH IULFWLRQFRHIILFLHQWVZDVQHHGHG7KLVPD\EH
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model experience suggested that the model inaccuracy could be 
traced back to the used coil mechanical properties. It can be 
shown that the transfer function does not depend strongly on the 
coil elastic modulus only when the g10 pole key is not in contact 
with the collars.  This is a consequence of the direct force 
exchange between shell and the coil poles. On the other hand, 
when the pole key and collar are in direct contact, the pole key 
shares the available shell azimuthal force as a spring in parallel 
with the coil, thus varying the slope as a function of their 
stiffness ratio. 
A parametric analysis was then performed, varying the 
elastic modulus of the coil. The analysis showed that it is 
possible to match the measured loading TF moving from a 
modulus of 44 GPa, as used in [7], to 20 GPa. Also, to match 
the stress after cool-down a variation of the thermal integrated 
contraction was required: from 3.16 mm to 3.88 mm. In the 
meantime, an experimental campaign was launched to measure 
the elastic modulus on ten stacks specimens. Preliminary 
measurements of Fig. 5 show a different modulus for the 
loading and cycling phases: respectively 14 and 26 GPa. This 
averages at 20 GPa, that is very close to the value obtained from 
the simulations. However, this result was obtained on a single 
specimen and has still to be confirmed by the measurement 
campaign. The TF computed using the new modulus, shown in 
Fig. 5, is now close to the measured one. 
B. Prestress Variation 
For all the experiments, stress variations were measured 
across the four quadrants. These differences could be 
introduced, for example, by tolerances in components and 
assembly. After cooldown, the shell stress variation was within 
±10 MPa for MQXFSD0, ±7 MPa for MQXFSD1, and 
negligible for MQXFSD3. Consistent variations were measured 
on the four aluminium dummy coil blocks: ±10 MPa for 
MQXFSD0, ±8 MPa for MQXFSD1. As evident in Fig. 4, the 
variation was much higher in the case of MQXFSD3 dummy 
coils. The four measured stresses were 153, 156, 162 and 104 
MPa. The variation is equal to ±30 MPa, but is clear that this 
effect is limited to a single block. It is worth to notice that the 
MQXFSD0 and MQXFSD1 stress variation on both shell and 
poles is smaller than the difference of the measurements of 
LARP and CERN systems. 
MQXFS1 shell performed similarly: the values were within 
±9 MPa. On the other hand, the coil azimuthal stresses were 
within a ±17 MPa band. This greater variation was expected, 
since the coil geometrical precision is much lower than the one 
of the dummy blocks [9]. In general, results using mechanical 
models with dummy coils should be considered as a reference 
value for achievable stress uniformity. 
V. MQXFS1: MAGNET EXCITATION 
The MQXFS1 magnet underwent 17 training quenches to 
reach ultimate current. Quench current gradually increased 
from 14.1 kA to the ultimate value, equal to 17.8 kA [10]. The 
training was then stopped to allow for a reloading operation, 
whose results will be presented in the future. The magnet also 
underwent a thermal cycle after training: ultimate current was 
reached without further quenches, showing full memory. 
Further information can be found in [10]. 
A. Pole Azimuthal Stress during Excitation 
Pole stresses during subsequent ramps are shown in Fig. 6, 
where vertical lines are used to track the quench currents. The 
signals exhibit a marked division in two zones: in the first zone, 
 
Fig. 7. Measured pole azimuthal stress during the last ramp. Remarkable 
uniformity is found on the overall prestress shown by the four coils. Also, no 
significant difference is found between the results from the two systems. The 
FE model results are in agreement with the linear part. 
  
Fig. 6. Left: Coil 005 pole azimuthal stress during training. The vertical lines mark the quench current of each ramp. The strain exhibits an almost constant linear 
zone, followed by a progressively extending flat one. Right: Coil 103 pole azimuthal stress during training, computed using the longitudinal strain from Coil 005 
pole. 
 
Quench Current
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the pole is gradually unloaded; then, the signal bends and 
gradually decreases. This is generally considered an indication 
of detachment of the coil from the pole, and in general of low 
prestress [11], [12]. The negative slope after the plateau was 
unexpected and is under investigation. 
Ratcheting was also observed, with a progressive reduction 
of the azimuthal stress after each ramp. In addition, after certain 
ramps the stresses were subject to jumps in both directions. 
After these jumps, Coil 005 reached a plateau tension higher 
than 60 MPa. This would not be compatible with the coil/pole 
bonding, as the epoxy breaking tension is commonly assumed 
between 0 and 20 MPa [12], and may be an indication of a non-
physical offset in the gauge measures.  
The azimuthal stress during the last ramp is shown in Fig. 7.  
As not all the longitudinal strains were available, some of the 
stresses were computed considering the average value of 
longitudinal strains on the other coils. The associated effect is 
considered to be small, both because of the entity of 
longitudinal strain variations and their minor effect on the 
azimuthal stress. The difference between LARP and CERN 
systems values during excitation is very small: at ultimate 
current the difference is lower than 5 MPa on coil 103 and 
negligible on coil 005. From the maximum delta stress, it is 
possible to roughly estimate the average effective prestress 
between 90 and 100 MPa. This is close to the measured value 
after cooldown, 81 MPa (see Fig. 5, right). The variation across 
different coils was very small if compared to the one after 
cooldown: maximum delta stresses in Fig. 7 are within a ±5 
MPa band. This result suggests that, during the training, the 
prestress is redistributed more uniformly.  
FE model was able to reproduce only the slope of the linear 
part: this is consistent with the hypothesis that the coil is 
detaching from the pole, as the model considers them glued. 
B. Shell and Rods: Structure Stiffness 
An important factor in the evaluation of the mechanical 
performance is the overall structure stiffness: how much it can 
deform under the applied loads. Assuming that the shell always 
remains circular, the azimuthal strain can be used to compute 
its radius variation. Results during excitation are reported in 
Fig. 8. The radius was initially equal to 307 mm. The increase 
during excitation was limited to 23 μm. Similarly, the 
longitudinal strain in the rods allows for the computation of 
their elongation, shown in Fig. 9. Since the rods and coils are 
directly connected, the rod elongation is equal to that of the coil 
pack. The free length of the rods was equal to 1550 mm. During 
excitation, the maximum elongation was equal to 96 μm. 
Finally, a ratcheting effect produced 35 μm of permanent 
elongation during the training quenches. 
VI. CONCLUSION 
In this paper, the authors presented the mechanical 
performance of MQXFS structures tested so far. Support 
structures demonstrated that they are capable of applying the 
required prestress to the coil. The MQXFSD3 experiment also 
validated the usage of the thin laminations, providing 143 MPa 
of azimuthal prestress to the aluminium blocks. For all the 
experiments, variations of azimuthal stresses on the shells were 
always lower than ±10 MPa. The same result was achieved for 
the aluminium blocks when substituted for the the coils in the 
mechanical models. In MQXFS1, the real coil stress variation 
was equal to ±17 MPa. After the training, the stresses 
redistributed across the quadrants, and the different poles 
showed a variation of ±5 MPa. Clear unloading of the poles was 
seen during excitation. This allowed to estimate an effective 
prestress between 90 and 100 MPa, which was close to the 
measured value after cooldown, 81 MPa. The unloading did not 
compromise the structure rigidity, as the maximum radial 
displacement during excitation was 23 μm, and the maximum 
elongation of the coil was 35 μm. Finite Element models were 
proven to be an accurate tool not only to control the applied 
prestress but also to evaluate the alignment of the coil to the 
structure. For the MQXFS1 magnet this required a variation of 
the coil elastic modulus, confirmed by preliminary 
measurements. 
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